We experimentally create a 'perfect' vortex beam, which has a uniform ring profile and fixed radius.
Introduction
Light fields that have a singular point -a vortex have created widespread interest across many fields. Intriguingly, an optical vortex beam may possess orbital angular momentum (OAM) 1) which is directly attributable to the topological charge of the beam. The value of this charge denotes the number of 2π phase changes around the singular point. The optical field typically has a radial dependence upon the value of the topological charge. 2, 3) The term perfect vortex beam, first introduced by Ostrovsky et al., 4) refers to a vortex beam that retains a constant intensity profile and radius regardless of topological charge. Generally such vortex fields have potential applications for optical manipulation of mesoscopic particles and within the field of quantum gases 5) though to date, such studies have mostly been confined to those where the topological charge of the optical vortex in question has a dependency upon radius. 3, 6) We recently generated a 'perfect' vortex field and investigated the dynamics of trapped particles. 7) In this paper, we extend that study to expound the detailed procedure of experimentally creating a 'perfect' vortex beam. In particular, we detail how we load and observe a single trapped particle to probe the local OAM density in such a vortex beam in order to improve the beam quality to attain a uniform OAM density in the optical field in situ.
This present study thus aims to clarify the link between the macroscopic angular momentum transferred to the trapped particle and the state of the perfect vortex beam. In short, we find that uniform motion of the particle in the perfect vortex beam can only be achieved when the beam is in a pure orbital angular momentum state which in the perfect case corresponds to integer topological charge.
Model
Firstly, to highlight the link between the trapped particle motion and the orbital angular momentum of the perfect vortex beam we consider the motion of a particle in the associated field. 8) To link directly to the experiment we consider 3µm polystyrene spheres dispersed in heavy water. The trapped transparent particle can be modelled as a non-absorbing, apertured ball lens. Based on the paraxial equation of diffraction, optical forces can be determined by a Maxwell stress tensor model. Adapting this model to the perfect vortex beam, we know that the particle motion speed is directly decided by the OAM density as . The angular speed of a trapped particle in a vortex beam with different can be determined by its experienced optical force which is shown in Fig. 1 . A vortex field with integer then delivers constant azimuthal velocity while non integer does not. Although we can 'smooth' and thus overcome the main hot spot in the field by uniformly distributing the non-integer around the vortex, the particle motion (and thus the optical force) still varies along the ring as shown by the red curve in Fig. 1 . The experimental procedure outlined in this paper aims to achieve a constant azimuthal particle velocity and consequently this implies solely using light fields with integer .
Experimental setup
The experimental optical system (Fig. 2 ) used for these studies has already been elaborated in our previous paper. 7) To obtain a uniform ring profile, we first need to remove most of phase aberrations in the optical system by applying the SLM wavefront correction as introduced in reference. 9) As it can be compared in Fig. 3 (a) and (b) , a high order Bessel beam with better beam quality can be obtained in the Fourier plane of the SLM.
However, there are still some hot spots (intensity peaks) on the beam profile in the trapping plane as shown in Fig. 3 (c) after wavefront correction. These unavoidable hot spots will stop the particle in the potential wells, which is a quite common problem in any single particle trapping experiment. 3, 10) Since the SLM is on the conjugation plane of trapping plane and it can do phase-only modulation, these intensity hot spots can be locally removed by reducing the local efficiency of phase modulation at the locations of hot spots. After such an intensity profile correction, the intensity uniformity of the beam is significantly improved as can be seen in Fig. 3 (d) . A single trapped particle can have a continuous orbital rotation on such a vortex ring. 
Local OAM density correction based on a single trapped particle
After all of the above corrections, it is straightforward to load a single particle onto the vortex ring if the particle concentration in the water solution is suitable. A trapped particle (3µm polystyrene spheres dispersed in heavy water) can now move along the vortex ring continuously. Its trajectory is as shown by the red trace in Fig. 4 (a) . However, the angular velocity of such a trapped particle is not very uniform on the ring due to the local variations of OAM density. At some locations as pointed by the green arrows in Fig. 4 (b) , the angular velocity even drops down to a negative value when the particle motion is mainly dominated by the Brownian motion.
Based on the knowledge that the particle rotation velocity is linearly dependent upon the OAM density, the angular velocity can be adjusted locally by increasing or decreasing the local OAM density. As shown in Fig. 5 (a) , a local OAM density adjustment curve can be calculated based on the particle angular velocity. A phase correction mask then can be calculated in order to adjust the OAM density locally, as shown in Fig. 5 (b) . Such a correction is performed in an iteration manner with a small amount of OAM adjustment in each iteration to avoid any sudden change.
Results and discussions
With the application of beam corrections discussed above, we experimentally create a perfect vortex beam which has the uniform intensity profile regardless of its topological charge.
Phase, amplitude and local OAM density correction are applied in situ to improve the uniformity of OAM density in a perfect vortex beam. For a single trapped particle in a perfect vortex beam, we can achieve smooth rotation speed over the vortex ring, as shown in Fig. 6 .
The importance of the work described in this paper lies in the novel use of the perfect vortex beam for applications of optical manipulation. This may be used for applications including micromixing and moving microparticles on complex trajectories.
